Microarrays comprise an efficient approach to discovering large numbers of differentially expressed mRNA transcripts in the CNS resulting from changes in hormonal milieu. We used high-density oligonucleotide microarrays to examine the short-and long-term actions of estradiol (E2) on the transcriptomes from the medial basal hypothalamus and other brain regions of E2-treated (10 g) adult female mice. Our results have revealed several unanticipated gene regulations. Most striking is lipocalin prostaglandin D2 synthase (L-PGDS), which catalyzes the conversion of prostaglandin (PG) H2 to PGD2, a neuromodulator involved in a variety of functions, including sleep, pain, and odor responses. In situ hybridization revealed significant increases in L-PGDS expression in the arcuate and ventromedial nucleus of the medial basal hypothalamus compared with vehicle controls. The magnitude of these changes is Ϸ2-fold and suggests a modulatory role for PGD2 in E2-controlled neuroendocrine secretions and behaviors. Surprisingly, L-PGDS gene expression is reduced 2-fold after E2 treatment in the ventrolateral preoptic area (VLPO), the suspected site of action for the sleep-promoting effects of PGD2. Finally, whereas L-PGDS has been reported to be expressed primarily in oligodendrocytes of the adult rodent brain, we demonstrate, immunocytochemically, that L-PGDS is also expressed in a population of VLPO neurons. Thus, our data suggest the intriguing possibility that E2 modulation of L-PGDS plays a role in the regulation of sleep-wake states through hitherto unknown mechanisms in VLPO neurons and through hormone-dependent neuronal-glial cooperation.
G
onadal estrogens have wide-ranging effects in the central nervous system (CNS) of most adult mammals, including rodents and humans. These effects include but are not limited to the regulation of endocrine secretions from the anterior pituitary (1-4), sex-specific behaviors in rodents (5, 6) , learning and memory (7) (8) (9) , and neuroprotection (10) (11) (12) . Estrogens are also known to regulate the expression of a number of different genes in the CNS (6) . Despite this knowledge, we lack a complete understanding of estrogen-targeted genes in the CNS and how changes in their transcript levels may contribute to the myriad of neurobiological functions affected by estrogens.
Microarray technology is a powerful method for assessing the changes simultaneously in thousands of gene transcripts in neuroendocrine systems (reviewed in ref. 13) . It can reveal the orchestration of genomic changes taking place within the cells of the CNS and can lead to unanticipated discoveries of genomic alterations. We have been using high-density oligonucleotide arrays to elucidate the short-and long-term actions of estrogens on the transcriptomes from the medial basal hypothalamus (MBH) and other brain regions of female adult mice. Because the functional consequences of estrogens acting at the level of the MBH are well documented (see above), this region is an excellent model for beginning to address hitherto unknown molecular mechanisms. Arrays hybridized with RNA from the MBH of estradiol (E 2 )-treated and vehicle-treated adult female mice have revealed several surprising gene candidates that may be regulated by E 2 . One of the more interesting genes is lipocalin-prostaglandin D 2 synthase (L-PGDS), a nonneuronal enzyme that catalyzes the conversion of prostaglandin (PG) H 2 to PGD 2 , which is involved in a variety of functions, including sedation and sleep (14) . By using microarray data from the MBH as a springboard for uncovering previously uncharacterized gene regulation by E 2 , we demonstrate that E 2 can induce or repress L-PGDS gene expression in different regions of the brain in a manner suggesting that steroids may also be capable of modulating sleep-wake patterns.
Materials and Methods Animals and Microarray Probe Preparation.
Forty ovariectomized female adult Swiss-Webster mice (Taconic Farms) were randomly placed in control (i.p. injection of 0.05 ml of DMSO, n ϭ 20) or E 2 -treated (10 g 17␤-E 2 in DMSO, n ϭ 20) groups. The mice were housed according to their treatment groups and allowed food and water ad libitum. After treatment, the mice from both groups were killed at either 2 h (n ϭ 10 for both Veh and E 2 ) or 24 h (n ϭ 10 for both Veh and E 2 ). The MBH was dissected after the delineation in the Franklin and Paxinos mouse brain atlas (15) . The brains were removed, immediately placed in an adult mouse brain matrix (Ted Pella, Inc., Redding, CA), chilled on ice, and sectioned at 2-mm intervals. The MBH was rapidly microdissected from the 2-mm coronal slice, which was 1-mm caudal from the optic chiasm. From that identified slice, a trapezoid containing the MBH was dissected by making two diagonal cuts from the dorsal tip of the third ventricle to the base of the brain and a third cut at the dorsal tip of the third ventricle and parallel to the base of the brain. The tissue was placed into ice-cold RNAlater (Ambion, Austin, TX) and stored at Ϫ80°C. The MBH from each group was pooled according to treatment and time of death; at least 5 g of poly(a) ϩ RNA was purified from each group and converted to Ϸ20 g of biotinylated cRNA, according to the Affymetrix (Santa Clara, CA) protocol for probe preparation. All tissue was treated identically.
Affymetrix Microarray Probe Hybridization and Data Analysis.
Mu11kA and Mu11kB, high-density oligonucleotide microarrays (also known as GeneChips; ref. 16 ) together representing 11, 566 Abbreviations: MBH, medial basal hypothalamus; E2, estradiol; PG, prostaglandin; L-PGDS, lipocalin-PG D2 synthase; POA, preoptic region; MPO, medial preoptic area; VLPO, ventrolateral preoptic area; VMN, ventromedial nucleus of the hypothalamus; vl-VMN, ventrolateral-VMN.
mouse genes or EST sequences, were purchased from Affymetrix. The biotinylated cRNA from each treatment group was hybridized to its own GeneChip according to the Affymetrix protocol. The hybridization and scanning of the GeneChips were carried out at Wyeth Ayerst Laboratories (Marietta, PA). The purpose of our microarray screens was to identify candidate genes targeted by E 2 and not to provide an accurate measurement of the changes in transcript quantity in the presence of E 2 . Therefore, a single set of GeneChips (Mu11kA and Mu11kB) was used for each probe. Suspected candidate genes were validated with in situ hybridization (see below).
The data obtained are reported as the ''average differences'' of each gene present on the GeneChip. Briefly, each gene or EST is represented by at least 16 nonoverlapping 25-mer nucleotide sequences termed ''perfect-match probes.'' Each perfect-match probe was paired with a ''mismatch'' or control probe containing a single-base substitution. Thus, the average difference assigned to each gene or EST was the average of the signals from the specific perfect-match probes minus the average signal from the corresponding mismatch probes. The data were normalized by using MICROARRAY SUITE V.4.0 software (Affymetrix) to correct for varying background noise and small differences in the amount of each cRNA probe applied to the microarrays. Comparisons were made between vehicle-treated and E 2 -treated tissue, with vehicle being the baseline measurement. Results were reported as the ''fold change'' over the baseline. A gene in the E 2 -treated animals was considered induced or repressed if (i) the normalized average difference value was above the background value of the GeneChip and (ii) the fold change exceeded 2.5 in either direction (i.e., induced or repressed).
L-PGDS Probe Preparation. Total RNA isolated from an adult Swiss-Webster mouse brain according to the Trizol reagent (GIBCO͞BRL) protocol was transcribed into single-stranded cDNA by using SuperScript Choice (GIBCO͞BRL). L-PGDSspecific primer pairs were designed based on the mouse cDNA sequence from GenBank with the aid of MACVECTOR V.7.1.1SL (Accelrys, San Diego). The primer sequences were: forward, 5Ј-TGCTTGCTTTGTCCACATTGC-3Ј; reverse, 5Ј-CTTGGTGC-CTCTGCTGAATAGC-3Ј. PCR amplification of the cDNA yielded the expected 470-bp fragment, and the sequence was confirmed at the DNA Sequencing Resource Center (The Rockefeller University, New York). The amplicon was subsequently used as a template in the synthesis of probes for Northern blotting and in situ hybridization.
Northern Blotting. Four brain regions were chosen for analysis of L-PGDS expression in ovariectomized female adult Swiss-Webster mice: cortex, olfactory bulb, preoptic area, and the MBH. The mice (n ϭ 4 per group and two separate experiments were performed) were treated as described and killed 24 h after treatment. Tissue from the four brain regions was pooled according to region and treatment, and then homogenized in Trizol reagent according to the manufacturer's specifications, and 10 g of total RNA was resolved by agarose (1.2%)͞formaldehyde (6.5%)͞Mops gel electrophoresis (17) . The separated total RNA was transferred to Hybond nitrocellulose (Amersham Pharmacia) and fixed by baking for 2 h at 80°C. The blots were probed with a 32 P-labeled L-PGDS fragment by using ExpressHyb (CLONTECH) solution, according to the manufacturer's protocol. After the final wash, the blots were exposed to Biomax film (Kodak) for 30 min, and the film was developed according to the manufacturer's specifications. To test for discrepancies in the amount of total RNA loaded per lane, the The blots were probed with a 32 P-labeled L-PGDS, then stripped and reprobed with a 32 P-labeled PCR fragment complementary to 18S subunit of ribosomal RNA to test for discrepancies in the amount of total RNA loaded per lane. (B) When standardized to the 18S ribosomal RNA transcripts, the mean optical density for L-PGDS bands from the MBH was increased 2-fold in E 2-treated animals compared with control animals. In the POA, the mean optical density for L-PGDS was dramatically decreased by 9-fold in E 2-treated animals compared with control animals. Data are represented as a ratio of the optical density of the L-PGDS bands to the 18S ribosomal subunit bands ( * , P Ͻ 0.05, ANOVA).
nitrocellulose membranes were then stripped and reprobed with a 32 P-labeled PCR fragment complementary to the 18S subunit of ribosomal RNA. The films were digitized with an Epson scanner, and densitometry of the bands was performed by using the NIH IMAGE gel-analysis program. A density step wage (Kodak) was used to create a standard curve, and all measurements fell within the linear portion of that curve. Statistical analysis was performed with a two-way ANOVA (region ϫ treatment) followed by a NeumanKeuls post hoc test.
In Situ Hybridization. Fourteen ovariectomized female, adult SwissWebster mice were treated as described (n ϭ 7 per group) and killed 24 h after treatment. The brains were removed, immediately frozen with dry ice, and stored at Ϫ80°C until sectioned. The brains were cut into 12-m-thick sections with a Bright cryostat and directly mounted onto electrostatically charged glass microscope slides. Sections were processed and hybridized with a 35 S-labeled riboprobe to L-PGDS mRNA, according to the protocol outlined in ref. 18 . The template for the L-PGDS probe was constructed by ligating a T7 promoter site directly to the PCR fragment with the aid of the Lig'nScribe kit (Ambion). This procedure was used for both the antisense and sense templates. The Maxiscript (Ambion) reagents and protocol were used to label the antisense and sense probes with 35 S, and the labeled probes were hybridized to the tissue at 60°C. After the hybridization, the slides were washed, treated with Rnase A, dehydrated, and subjected to autoradiography for 3 days. Upon confirmation of a specific signal, the slides were exposed to liquid emulsion (Kodak NTB2) for 1 week and developed with standard photographic techniques.
Quantification of Reduced Silver Grains. Reduced silver grains localized over cells were quantified with the aid of the MCID image analysis system (Imaging Research, St. Catherine's, ON, Canada). The distribution of grains was consistent with ␤ emissions from the 35 S isotope. In short, a ''target size'' of a single grain was established and used to determine ''estimated counts'' of reduced silver grains, proportional to pixel counts, over counterstained cells. Based on background counts, only cells with Ͼ20 grains were considered for analysis. For each animal, the values obtained represented the average of measurements taken from two to three sections per slide and two slides per animal. Statistical analysis was performed with a two-way ANOVA (region ϫ treatment) followed by a NeumanKeuls post hoc test.
Immunocytochemistry. Paraffin-embedded brain sections (4 m) from adult female mice (n ϭ 4) were deparaffinized according to Schwanzel-Fukuda et al. (19) , and immunoperoxidase staining was performed as reported with a 1:1,000 dilution of goat polyclonal L-PGDS primary antibody (Santa Cruz Biotechnology) in 1% normal rabbit serum (NRS) in PBS by the use of an avidin-biotinhorseradish peroxidase complex method (Vectastain ABC, Elite Kit, Vector Laboratories) according to standard protocols (20) . As a control, the working dilution of the L-PGDS primary antibody was incubated with a peptide sequence homologous to L-PGDS. Tissue sections were treated with these preabsorbed antibodies as described above. For double immunostaining, a 1:30,000 dilution of mouse antineuronal nuclei antibody (NeuN, Chemicon) was used to identify neurons. The avidin-biotin-horseradish peroxidase complex was visualized with cobalt chloride-(0.025%) and ammonium nickel (II) sulfate (0.02%)-enhanced 3,3Ј-diaminobenzidine tetrahydrochloride reaction.
Results
By using the microarray data, pairwise comparisons of the average difference values between E 2 vs. vehicle controls at 2 and 24 h in the MBH identified several obvious off-diagonal points that represented a 2.5-fold change (Fig. 1) . Sequences from the L-PGDS gene (GenBank accession no. AB006361) were present in our screens and demonstrated a 2.7-and 3.1-fold induction at 2 and 24 h, respectively. PGD 2 , the product of the enzymatic reaction catalyzed by L-PGDS, is recognized as a putative sleep-promoting substance in the CNS; hence, its regulation by E 2 is of particular interest to us.
Measurement of L-PGDS Gene Expression by Northern Blot Analysis.
Northern blot analysis confirmed the microarray data. Radiolabeled cDNA probes for L-PGDS detected the appropriate size transcript (721 bp) in total RNA extracted from various brain regions of vehicle and E 2 -treated adult ovariectomized female mice ( Fig. 2A) . By using computerized densitometry, we detected significantly higher levels of L-PGDS transcripts in RNA extracted from the MBH of E 2 -treated mice compared with vehicle-treated animals ( Fig. 2B ; P Ͻ 0.05, ANOVA; F (1,24) ϭ 29.7). When normalized to 18S ribosomal RNA transcripts, the mean optical density for L-PGDS bands from the MBH was increased 2-fold in E 2 -treated animals compared with control animals. Interestingly, in the preoptic region (POA), our analysis revealed a dramatic downregulation of L-PGDS gene expression after E 2 treatment ( Fig. 2B ; P Ͻ 0.001, ANOVA). When normalized as above, the mean optical density for L-PGDS bands from the POA was decreased by 9-fold in E 2 -treated animals compared with control animals. There were no significant changes in L-PGDS expression detected in the cortex or olfactory bulb. The optical densities of the transcripts for the 18S ribosomal subunit were not significantly different between the treatment groups or regions.
Determination of L-PGDS Cellular Expression by in Situ Hybridization.
Because the MBH and POA contain many diverse brain nuclei and cell groups, the high spatial resolution technique of in situ hybridization was used to localize more precisely the cellular expression of L-PGDS mRNA. Analyses of autoradiographs indicated that L-PGDS mRNA was expressed in cells within both the parenchyma and leptomeninges (Fig. 3 A-C) . Expression levels were greatest in the cortex, basal forebrain, medial and lateral POAs, and the MBH, whereas they were noticeably lower in the thalamus. No specific hybridization signal was observed in these same brain regions when the control, sense riboprobe was used (Fig. 3D) . Brightfield microscopic evaluation of tissue sections after emulsion autoradiography for L-PGDS expression confirmed the presence of reduced silver grains over counterstained cells in the brain areas mentioned above, but not when hybridized with the sense probe. Based on the neuroanatomical descriptions in the Franklin and Paxinos mouse atlas (15) , specific brain nuclei within the POA and MBH were identified for cellular analysis of reduced silver grains. In the rostral POA sections, the medial preoptic area (MPO) and the ventrolateral preoptic area (VLPO) were designated for analysis (Fig. 3A) . In the caudal portion of the POA, the periventricular area, which consisted of the cells immediately adjacent to the third ventricle, the MPO and the LPO were marked for analysis (Fig. 3B) . In the MBH, cellular expression in the arcuate nucleus (ARC) and ventromedial nucleus (VMN) were quantified (Fig. 3C) .
In the POA, E 2 treatment reduced L-PGDS expression in the VLPO (Figs. 4A and 5A ; F (1, 22) ϭ 3.73, P Ͻ 0.001) and the periventricular region ( Fig. 5B; F (1,30) ϭ 7.68; * , P Ͻ 0.01). ; F (1, 27) ϭ 129.0, P Ͻ 0.001, ANOVA]. In addition to quantifying the cellular expression in the parenchyma, the density of reduced silver grains was also quantified within the leptomeninges of the various brain regions. L-PGDS expression was significantly altered only in the leptomeninges of the medial POA region after E 2 treatment, with a 2-fold reduction observed compared with vehicle controls (Fig. 5D; F (1,49) ϭ 7.19, P Ͻ 0.01).
L-PGDS Immunoreactivity Is Present in VLPO Neurons as Well as
Oligodendrocytes. Immunocytochemical detection of L-PGDS protein was present in the brain regions where the mRNA transcripts were detected (data not shown). Previous studies have reported L-PGDS protein to be localized mainly in the cytoplasm of oligodendrocytes and perivascular cells in the parenchyma of the adult brain (21, 22) . L-PGDS has been reported to be in neurons of the developing neonatal rat brain, but its expression switches in adulthood to being localized primarily in oligodendrocytes, except for a few neurons in cortical layers I and II (23) . Immunocytochemical analyses of our mouse brain tissue confirmed the expression of L-PGDS primarily in oligodendrocytes, as indicated by their size (Ͻ10 m), pattern of dark cytoplasmic staining, and round compact shape (Fig. 6A) . Moreover, this expression was present in, but not limited to, the MBH, POA, and cortex ( Fig. 6 A-C) . Strikingly, in the VLPO, L-PGDS immunoreactivity was also detected in cells that were large, fusiform, and neuronal in appearance (Fig. 6A) . The morphology of these cells indicated that they are neurons and, in fact, they were immunopositive for NeuN, a neuron-specific nuclear marker (Fig. 6D) . Interestingly, this hitherto unknown colocalization was not present in other cell groups (Fig. 6 A-C) and may represent a unique mechanism by which PGD 2 or L-PGDS, itself, regulates sleep. Discussion L-PGDS catalyzes the production of PGD 2 , a prostanoid involved in a variety of functions including sedation and sleep. We were interested in a potential regulation by E 2 as demonstrated by our microarray analysis of the MBH. Northern blot analysis not only confirmed the induction by E 2 in the MBH, but also demonstrated a dramatic suppression by E 2 in the POA. Subsequent in situ hybridization confirmed the Northern results and, in addition, revealed a highly specific regulation within the POA such that the reduction of L-PGDS expression in the presence of E 2 was limited to the caudal periventricular region and the VLPO cell group. This finding is significant because the VLPO is a putative sleep center in the POA and may suggest an estrogenic component of sleep regulation in adult female mice.
Moreover, our finding that L-PGDS is found in a subpopulation of neurons in the VLPO is hitherto unknown and may represent a unique mechanism by which PGD 2 or L-PGDS, itself, regulates sleep.
L-PGDS is a member of the protein superfamily of lipocalins (24, 25) . Lipocalins are small secretory proteins classified by their ability to bind and transport a myriad of lipophilic molecules that include but are not limited to hormones, bilin, and sexual pheromones (reviewed in ref. 26 ). Thus, L-PGDS is unique in that it serves a dual function: (i) it is the first enzyme classified in the lipocalin family (24) , and (ii) it is a well characterized carrier molecule of retinoids and thyroid hormones (27) .
Enzymatically, L-PGDS catalyzes the conversion of PGH 2 to PGD 2 and is considered to be the sole source of PGD 2 in the CNS (28) . PGD 2 is the major prostanoid produced in the CNS of rodents and humans and functions as a neuromodulator in a variety of CNS actions. These include the modulation of both pain (29, 30) and odor response (31) , as well as body temperature regulation (32) . However, PGD 2 is best known as a potent endogenous somnogen acting at the level of the POA (reviewed in ref. 33) .
Seminal work by Nauta (34) led to the POA as a proposed sleep center in the rodent brain. More recent microinjection studies of PGD 2 postulated that the site of action for its sleep-promoting effects was located in or near the POA (14, 35) . Sherin et al. (36) have identified a discrete cluster of neurons within the VLPO that may play a critical role in the generation of sleep. Indeed, infusion of PGD 2 into the subarachnoid space just anterior to the POA (where we detect estrogenic regulation) not only increases nonrapid eye movement sleep (NREM) but also induces striking Fos immunoreactivity (a useful marker of cellular activation) in neurons of the VLPO and basal leptomeninges, suggesting that PGD 2 may stimulate sleep-active VLPO neurons (37) .
Sleep homeostasis fluctuates over the estrous cycle in female rats and mice such that during the proestrous period when E 2 levels are highest, sleep is typically reduced and motor activity is increased (38, 39) . Our finding that E 2 so profoundly depressed L-PGDS mRNA expression in the VLPO 24 h after treatment (timing analogous to the presorts dark period) is consistent with the idea that preovulatory estrogen surges direct the suppression of the gene in intact cycling animals. Moreover, it is well established that estrogens increase activity levels in rodents (40) (41) (42) (43) (44) . Female rats have the peak of their activity on proestrus when estrogen levels have been at their highest. In fact, studies have demonstrated that the POA is a key site for the estrogenic regulation of activity and locomotion (45) . Recently, Morgan and Pfaff (46, 47) have extended this finding to mice such that E 2 -treated females demonstrated increased running wheel activity as well as general home cage activity that included rearing, grooming, and burying. These data would indicate that E 2 has an arousing effect allowing for increased locomotor behaviors, a component of estrogenfacilitated courtship responses. In light of our discovery that, in the VLPO, E 2 suppress the transcript levels of L-PGDS, it is tempting to speculate that a subsequent decrease in the PGD 2 may contribute to the general arousal mediated by estrogens.
Based on the evidence that infusion of PGD 2 into the parenchyma is less effective at inducing NREM (35) , and that PGD 2 receptors are located almost exclusively in the leptomeninges, it has been suggested that PGD 2 may promote sleep by inducing leptomeningeal cells to release paracrine-signaling molecules such as adenosine, which subsequently excite nearby sleep-active VLPO neurons (reviewed in ref. 48) . Interestingly, our finding that L-PGDS protein is localized in a subpopulation of VLPO neurons of adult mice may represent an alternative mechanism by which PGD 2 ͞L-PGDS promotes sleep and controls other CNS functions. Because L-PGDS is a secreted protein, it is unclear if the L-PGDS detected in the VLPO neurons was endogenously expressed or endocytosed from the extracellular environment. In either case, the presence of L-PGDS in neurons indicates that PGD 2 could behave like a neuroendocrine regulator that is being released to act on neighboring cells. In addition, because L-PGDS is member of the lipocalin family, it may be secreted by the oligodendrocytes, serving as a carrier protein for PGD 2 and͞or other lipophilic molecules, and presenting them to the neighboring neurons.
In summary, our discovery that E 2 regulates the transcript levels of L-PGDS in the rodent brain strongly suggests that PGD 2 and͞or L-PGDS itself plays a role in E 2 -regulated actions that include both reproductive and nonreproductive behaviors.
